We have examined doxorubicin's (DOX) physical state in solution and inside EPC/cholesterol liposomes that were loaded via a transmembrane pH gradient. Using cryogenic electron microscopy (cryo-EM) we noted that DOX loaded to 200^300 mM internal concentrations in citrate containing liposomes formed linear, curved, and circular bundles of fibers with no significant interaction/perturbation of the vesicle membrane. The individual DOX fibers are putatively comprised of stacked DOX molecules. From end-on views of bundles of fibers it appeared that they are aligned longitudinally in a hexagonal array with a separation between fibers of approx. 3^3.5 nm. Two distinct small angle X-ray diffraction patterns (oblique and simple hexagonal) were observed for DOX-citrate fiber aggregates that had been concentrated from solution at either pH 4 or 5. The doxorubicin fibers were also present in citrate liposomes loaded with only one-tenth the amount of doxorubicin used above (approx. 20 mM internal DOX concentration) indicating that the threshold concentration at which these structures form is relatively low. In fact, from cryo-EM and circular dichroism spectra, we estimate that the DOX-citrate fiber bundles can account for the vast majority ( s 99%) of DOX loaded via a pH gradient into citrate buffered liposomes. DOX loaded into liposomes containing lactobionic acid (LBA), a monoanionic buffer to control the internal pH, remained disaggregated at internal DOX concentrations of approx. 20 mM but formed uncondensed fibers (no bundles) when the internal DOX concentration was approx. 200 mM. This finding suggests that in the citrate containing liposomes the citrate multianion electrostatically bridged adjacent fibers to form the observed bundles.
Introduction
The major limitation of doxorubicin (DOX), one of the most widely used anticancer agents, has been its cumulative dose related cardiotoxicity [1] . Liposome encapsulation has been shown to reduce the cardiotoxicity of anthracyclines in animal models [2^5] and one formulation of liposomal DOX (Evacet, formerly TLC D-99) has been shown to be less cardiotoxic in humans [6] . In this formulation, encapsulation has been made highly e¤cient ( s 95%) by taking advantage of DOX's accumulation to the liposome interior in response to an inside-acidic transmembrane pH gradient. The encapsulation procedure has been referred to as remote loading [7^9] .
Transmembrane pH gradients can be created directly, as in the above case, by forming the liposomes in a well-bu¡ered solution of low pH (e.g., 300 mM citrate at pH 4) and then adding a more basic solution to raise the external solution pH [7] . pH gradients can also be created indirectly by an electrical potential which drives protons to the vesicle interior [8] or from the electroneutral outward £ow of the counterion to an entrapped acid (e.g., ammonium sulfate [9] ). With a pH gradient established, DOX accumulates in the vesicle interior and the ideal distribution of DOX in solution inside (D in ) and outside (D out ) the liposomes is expected to be related to the inner and outer H concentrations by
where V in and V out are the internal and external aqueous volumes and K is the dissociation constant for DOX (pK = 8.22 [10] ). However, we and others [11] have found that D in /D out can exceed the value predicted by Eq. 1. One explanation for this enhanced accumulation is that internalized DOX does not remain in solution. Precipitation of DOX, for example, from the internal solution would facilitate movement of additional DOX from the outside to satisfy the equilibrium relationship of Eq. 1. In fact, Lasic et al. [12, 13] , employing an ammonium sulfate gradient to load DOX into liposomes, have shown that in these systems internalized DOX forms aggregates. Using cryo-electron microscopy, they were able to visualize the internalized DOX aggregates and found structures similar to those caused by precipitation of DOX with sulfate anion in solution. Aggregation could also explain the restriction of DOX molecular motions noted by Cullis and coworkers who studied DOX entrapped by a transmembrane pH gradient into citrate containing liposomes. Although Cullis and co-workers have suggested that citrate could cause precipitation of this internalized DOX [7, 11] , in more recent work they have proposed that the attenuation of the DOX nuclear magnetic resonance (NMR) signal they observed was due entirely to its binding to the liposome's inner surface [14] . Moreover, in order to explain the internalized structures they observed inside DOX liposomes by cryo-electron microscopy [15] they proposed that DOX produces invagination of the liposome bilayer membrane. Because images of these liposomes were similar in appearance to those containing DOX-sulfate aggregates [13] and because we have noted that DOX forms a precipitate in citrate solutions, we believed the nature of DOX's physical state in citrate bearing liposomes to remain in question.
It was our desire here to study in detail the physical state of DOX inside citrate containing liposomes. We examined DOX in solution and inside liposomes by various methods and found that DOX can form highly organized bundles of ¢brous structures in the presence of citrate. Our results indicate that s 99% of DOX internalized in liposomes at 20^300 mM is predominantly self-associated and not bound to the inner membrane surface.
To assess the extent to which counterion valency in£uences DOX organization, we also examined liposomes in which the monoanionic compound lactobionic acid (LBA) was used to bu¡er the vesicle interior. When a pH gradient was established and these systems were loaded with DOX (approx. 200 mM DOX inside liposomes), ¢brous structures were observed, but unlike the structures we found in citrate liposomes these ¢bers were disorganized and not condensed into bundles. When these systems were loaded with low internal DOX concentrations no ¢-bers were observed. Whether in this case DOX was bound to the liposome inner surface remains unclear, but membrane invagination did not occur.
Because the physical state of DOX inside liposomes could be manipulated, we ventured to examine its impact upon release. Leak pro¢les were not distinguishable for DOX loaded at high internal concentrations (approx. 200 mM DOX) into either citrate or LBA containing liposomes. For DOX loaded to low internal concentrations (approx. 20 mM DOX) where DOX was either in ¢ber bundles (citrate) or disaggregated (LBA), di¡erent leak rates were noted. However, we found this di¡erence to be due to an osmotic stress related rupture for the LBA liposomes. When osmotic stress was avoided the leak pro¢les were similar. Because in the LBA liposomes DOX was disaggregated at the low DOX concentration, we speculate that ¢ber formation may play an important role in curtailing DOX loss in vivo, an important concern considering the long residence time that DOX liposomes have in the circulation [16] and the fact that plasma constituents increase liposome leak [17] .
Materials and methods

Materials
Egg phosphatidylcholine (EPC) and cholesterol were obtained from Avanti Polar Lipids (Alasbaster, AL). DOX-HCl (Adriamycin RDF) was purchased from Farmitalia Carlo Erba (Milan, Italy). For NMR, DOX from Sigma (St. Louis, MO) was used. Citric acid monohydrate, ammonium sulfate, chromiumoxalate (trihydrate) (potassium salt), 4-oxo-TEMPO (TEMPONE) and 4-amino-TEMPO were obtained from Aldrich (Milwaukee, WI). [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]Citrate was purchased from Isotec (Miamisburg, OH). HEPES, cholesterol calibrator, and cholesterol diagnostic kits were purchased from Sigma. Octaethylene glycol monododecyl ether (C12E8) was obtained from Fluka (Buchs, Switzerland). Tetra(sulfonatophenyl)porphine was purchased from Porphyrin Products (Logan, UT). Sodium carbonate anhydrous was purchased from J.T. Baker (Phillipsburg, NJ). All the chemicals used were the highest purity available.
Liposome preparation and lipid assay
Liposomes were made by extrusion of lipid suspensions ¢rst made by solvent evaporation. These structures were used instead of multilamellar vesicles (MLVs) because we wanted to avoid localized solute exclusion [18, 19] . Freezing and thawing the MLVs would not have attained an ideal solute distribution because the high concentration of solutes used here a¡orded these systems cryoprotection. For the initial liposome suspensions, chloroform stock solutions of EPC and cholesterol (approx. 20 mg/ml lipid) were mixed at 55:45 (mole) ratio, accordingly. After adding 2.5 ml of either 300 mM citric acid (pH 4.0) or 650 mM lactobionic acid (pH 3.6) into the chloroform mixture (approx. 25 ml), the chloroform was removed by rotary evaporation at 40³C. When essentially all of the chloroform was judged to be removed an additional 2.5 ml of the appropriate bu¡er was added to the paste that had formed and the sample was subjected to further rotary evaporation at 40³C. If necessary, the resulting suspensions were then adjusted with distilled water to a total volume of 5 ml. These liposomes were then extruded through two stacked ¢lters of pore size 400 nm (one pass) and then 200 nm (ten passes) at 40³C; ¢lters were polycarbonate Nuclepore membranes from Nuclepore Corporation (Pleasanton, CA). Liposome size was determined by light scattering using a Nicomp Model 270/370 Submicron Particle Sizer from Paci¢c Scienti¢c (Menlo Park, CA).
The phospholipid concentration of all liposome samples was measured by a modi¢ed version of the procedure of Chen et al. [20] . Cholesterol concentrations were determined using the cholesterol diagnostic kit from Sigma. Absorbances were recorded on an UV-2101PC UV-scanning spectrophotometer from Shimadzu Scienti¢c Instruments (Princeton, NJ).
Doxorubicin loading and leak assays 2.3.1. Loading of DOX into liposomes
Unless stated otherwise transmembrane pH gradients were created by adding an aliquot of sodium carbonate solution (17.6 mg/ml) into the liposome samples. The pH of the aqueous solution outside the liposomes ranged from 7.8 to 8.1. This liposome suspension was then mixed with a DOX saline solution. The ¢nal overall DOX concentration was either 3.4 mM or 0.34 mM, whereas the lipid concentration was approx. 12.8 mM. An aliquot of 10 mM 4-amino-TEMPO was added if the pH gradient across the lipid bilayer was to be measured. To accelerate loading, the sample was then heated to 556 0³C for 10 min and cooled to room temperature. The loading e¤ciency was determined using gel chromatography to remove unencapsulated material. Aliquots of each sample were passed down columns pre-equilibrated with 10 mM HEPES, 150 mM NaCl (HBS) at pH 7.5. The liposome fraction was gathered and this material and an aliquot not passed down the column were adjusted to an equivalent volume with saline and then assayed for lipid by phosphate analysis. Each sample was also assayed for DOX content by dissolution in methanol and measurement of the absorbance at 490 nm. The percent entrapment was calculated as that percent of DOX remaining with the liposomes following elution; DOX concentrations were normalized using the lipid concentrations.
For LBA, we found that 650 mM LBA maintained pH gradients (3 units) for several hours without any measurable decrease thus indicating that LBA's permeability to these liposome membranes is low; all subsequent experiments were performed well within this time frame. Additionally, 650 mM LBA allowed the complete loading of DOX at 3.4 mM DOX and 12.8 mM lipid. At 500 mM LBA, the bu¡er capacity was insu¤cient to achieve complete DOX loading.
Doxorubicin leakage from liposomes
To compare DOX leak from liposomes, an aliquot of liposomal DOX was diluted 300-fold by injection into a cuvette containing a solution of 10 mM HBS (pH 7.5). The £uorescence intensity of DOX was measured continually with data collected every 10 s. The excitation and emission wavelengths were 480 nm and 590 nm, respectively. At the end of each measurement, C12E8 was added to dissolve the liposomes and attain the 100% leakage value. The percentage of leakage of DOX from liposomes at a given time was calculated using Eq. 2:
where I was the £uorescence intensity at a given time and I 0 and I 100 were intensities immediately after the initial dilution into HBS or after addition of C12E8, respectively. DOX £uorescence intensity (without liposomes) decreased linearly with time for samples maintained above pH 7, due to DOX degradation at higher pH values [10, 21] . The magnitude of this decrease at pH 7 was small ( 6 2% per hour). Therefore, we did not adjust the leak equation to re£ect this loss. At pH 4 no decrease in DOX £uorescence intensity was noted up to 7 h.
Measurement of vpH and captured volume
To measure internal pH, and thus vpH, we used the distribution of an electron spin resonance (ESR) amine probe [22] . The ESR probe 4-amino-TEMPO was added to liposomes at the time of DOX loading (¢nal concentration 200 WM). The sample was separated into fractions and these fractions were then diluted equally with either a solution of bu¡er (10 mM HBS at pH 7.5) alone or with bu¡er containing the broadening agent chromiumoxalate (trihydrate). The solution containing broadening agent was ¢rst adjusted to the same osmotic strength as that of the liposome solution to avoid vesicle shrinkage or swelling. All osmolarity measurements were performed with a 5500 Vapor Pressure Osmometer from Wescor (Logan, UT). The ESR spectra of both fractions were then recorded and the vpH was calculated using the following relationship:
where A in and A tot were the amplitudes of the ESR I = +1 resonance with and without the broadening agent, respectively. V in and V out were the aqueous volume inside and outside the liposomes, respectively. The values of V in and V out were obtained separately from the measurement of captured volume. The captured volume of the liposomes was determined using an ESR procedure previously described [23] which is a slight modi¢cation of the method of Anasi et al. [24] . The ESR spin probe TEMPONE (in the appropriate bu¡er) was added to the sample in question which had ¢rst been adjusted to pH 7^8 by addition of sodium carbonate (17.6 mg/ml) solution. Adjustment of the pH to above pH 5 was necessary to prevent leakage of the chromiumoxalate broadening agent that was to be added later. The liposome sample (38 mg/ml lipid) containing TEMPONE (1 mM) was separated into 100 Wl fractions. To one fraction the same liposome bu¡er solution (100 Wl) was added and to another faction the chromiumoxalate broadening agent solution (100 Wl) was added.
The ESR signal amplitudes with and without broadening agent were then related to the inside and total aqueous volumes, respectively. Captured volume (Wl/ Wmole lipid) was then derived as previously described using a correction to account for the volume occupied by the lipid [23] .
Microscopy
For confocal microscopy, £uorescence images were acquired with a Biorad 1000 Confocal Microscope from Olympus (Hercules, CA), using a Kr/Ar laser with V ex at 568 nm and V em at 605 nm. For cryoelectron microscopy, frozen-hydrated samples were prepared by placing 5 Wl of a liposomal suspension on a copper grid with a holey carbon support. Each sample was blotted to a thin ¢lm and immediately plunged into liquid ethane. The grids were then stored under liquid nitrogen until used. The grids were viewed on a Philips CM12 transmission electron microscope (Mahwah, NJ) operating at an accelerating voltage of 120 kV. The microscope was equipped with a Gatan 626 cryoholder (Warrendale, PA), and the samples were maintained at 3177³C during imaging. Electron micrographs were recorded under low electron dose conditions at a magni¢cation of 60 000U and 1.4^1.7 Wm defocus.
X-Ray di¡raction
Solution aggregates for X-ray di¡raction were prepared by mixing equal parts of a solution of DOX (15 mg/ml) and 600 mM (¢nal conc. 300 mM) citrate at the appropriate pH. Aggregates immediately formed and after 10 min the samples were concentrated via centrifugation (14 000Ug) and the supernatant removed. For the heated samples, after aggregate formation the samples were heated to 55^60³C and cooled back to room temperature prior to concentration via centrifugation. For liposomes containing DOX, loaded liposomes and empty liposomes (to correct for liposome scattering) were pelleted via centrifugation at 210 000Ug for 2 h. Pelleted samples were placed in 1.5 mm diameter glass X-ray capillaries which were then £ame sealed. X-Rays were produced by a Rigaku RU-200 rotating anode generator at a typical loading of 40 kV and 60 mA. The Cu KK line at 1.54 A î was selected and focused by Ni ¢lter-ing and double mirror Franks optics, which resulted in a typical £ux at the sampled of 7U10 7 X-rays/s. The sample temperature stage was thermoelectrically adjusted to the desired temperature to within þ 0.1³C. A two-dimensional X-ray detector based on a 512U512 pixel Thomson CCD [25] was used to acquire the data. The di¡raction patterns were concentric powder pattern rings which were azimuthally integrated into one-dimensional plots of intensity versus scattering angle. Typical integrated exposures ranged from 20 to 60 min in duration.
Di¡raction signals were analyzed over a q-range of 0.1^0.8 A î 31 , where the wave vector q is de¢ned by
where a is the scattering angle and V is the wavelength of the incident radiation. Based on the cryo-EM data, we assumed that the X-rays basically probed only two dimensions of the structure with the third dimension (along the ¢ber's axis) being too large to be seen. The di¡raction was analyzed in terms of a general oblique planar lattice in which the two unit cell basis vector lengths, a and b, are not constrained to have the same length and in which the smallest angle between them, Q+Z/2, is constrained only in that 0 6 Q 6 Z/2. The general formula in two dimensions for the peak positions in reciprocal space with Miller indices h, k is given by:
2.6. Fluorescence and resonance light scattering DOX £uorescence in solution was measured using an Alpha Scan Spectro£uorometer from PTI (South Brunswick, NJ). Excitation and emission wavelengths were set at 480 nm and 590 nm, respectively. For resonance light scattering measurements, excitation and emission wavelengths were kept identical as the spectrum was scanned from 200 nm to 900 nm; this is essentially a U90³ light scattering experiment as a function of wavelength (see Pasternack et al. [26, 27] for details). Tetra(sulfonatophenyl)porphine at pH 1 was used as a positive control for RLS (R. Pasternack, personal communication).
Spectrophotometric assays 2.7.1. Circular dichroism (CD) spectroscopy
Liposomal DOX suspensions, or DOX aqueous solutions/suspensions containing saline, water, citrate, or lactobionic acid were typically placed in a 1 mm CD cell. The CD spectra were taken at room temperature (20^23³C) from 700 nm to 200 nm on a J-710 spectropolarimeter (Jasco, Easton, MD) and typically the average of ¢ve scans was reported with removal of high frequency noise.
Turbidity and UV-Vis spectra measurement
The turbidity (absorbance) and UV-visible spectra of di¡erent DOX aqueous solutions/suspensions were measured using a 1 cm pathlength quartz cell in a UV-2101 Spectrophotometer from Shimadzu Scienti¢c Instruments. For turbidity, absorbance was measured at 800 nm. This relatively high wavelength was chosen to avoid any interference from DOX absorption.
Di¡erential scanning calorimetry (DSC)
Calorimetry was performed using a MC2 Ultrasensitive Scanning Calorimeter (MicroCal, Northhampton, MA). Heating scans were obtained from 15³C to 85³C at a rate of 20³C/h.
NMR spectroscopy 2.9.1. NMR sample preparation
For NMR samples, liposomes were prepared as described in Section 2.2 except that for citrate containing liposomes, [1,5- 13 C]citrate was mixed with unlabeled citrate to give either 17 or 47 mole % [1,5- 13 C]citrate. The ¢nal concentrations of citrate and LBA in which the liposomes were formed were 270 mM and 650 mM, respectively. To establish a pH gradient and to remove the outer bu¡er solutions, liposomes were passed down polyacrylamide columns (Pierce, Rockford, IL) equilibrated with 20 mM HBS at pH 7.6. Only the ¢rst 2/3 or so of the eluting liposomes were used so as to guarantee removal of as much external bu¡er as possible and the lipid concentration was then analyzed. DOX (from Sigma) was then hydrated with saline and then mixed with an aliquot of liposomes and additional HBS such that the ¢nal lipid concentration was 12.8 mM lipid and the ¢nal DOX concentrations were either 3.4 or 0.34 mM DOX (2 mg/ml or 0.2 mg/ ml). Upon mixing, the liposomes were then heated to 55^60³C for 10 min. The samples were then examined by CD to con¢rm typical spectra and then used for NMR measurements. Samples were stored at approx. 5³C. The NMR signal of the citrate bu¡er alone was used to gauge the amount of citrate trapped inside the empty liposomes. This amount of citrate was approx. 6.2 mM (total solution concentration). At 3.4 mM overall DOX and assuming complete loading, this corresponds to a ratio of approx. 1.8 citrate molecules per DOX molecule in the liposome interior.
2.9.2.
13 C-NMR spectroscopy Data were acquired on a Bruker AC 300 NMR spectrometer using a 10 mm broadband probe from Nalorac Cryogenics Corporation. The resonant frequency for 13 C was 75.5 MHz. Free induction decays (FIDs) were acquired with proton decoupling using a 20 kHz sweep width and 16K points. No internal ¢eld lock signal was used. Data for the T 1 measurements were acquired using the saturation-recovery method. Signal intensities (peak areas) were plotted versus time and ¢t by the equation:
. Data for the T 2 measurements were collected with the Carr-Purcell-Meiboom-Gill pulse sequence. Where signal intensities of di¡erent samples were compared, the FIDs were collected using a 14.8 Ws 90³ pulse, a recycle delay v 5UT 1 , and proton decoupling applied only during the data acquisition period. Other FIDs were collected with the minimum recycle delay allowed by the spectrometer and the pulse width set to the Ernst angle for the spins of interest. At the end of data acquisition for a particular sample, ethylene glycol, 0.2% v/v, was added as an internal chemical shift reference (64.0 ppm) and a ¢nal set of FIDs were summed. The Fourier transform of this data was used to assign the chemical shifts. Prior to Fourier transformation, all FIDs were zero-¢lled to 32K points and multiplied by an exponential decay corresponding to 3 Hz.
Results
To load DOX into liposomes, Cullis and co-workers have used transmembrane pH gradients (pH in W4, pH out W7.5) created using either citrate [7] or glutamate [28] to bu¡er the vesicle interior. This work was the basis for a liposomal DOX formulation (Evacet, formerly TLC D-99) that is currently being evaluated in clinical trials [29^31] . With this strategy, DOX can be loaded to high concentrations inside liposomes (200^300 mM internal concentrations). This is far in excess of DOX's solubility limit in solution, which is 960 mM in water [12] . The question then arises as to what physical structure does DOX adopt or does it bind to the inner monolayer of the liposome. The purpose of our study here was to investigate the physical state of DOX inside liposomes.
Doxorubicin in solution
As indicated in Table 1 , the physical state of DOX in solution is clearly in£uenced by the valency of the counterion. When combined with the multianions citrate or sulfate, DOX formed a viscous gel which upon shaking yielded ¢brous structures (Fig. 1) . The resulting structures were similar in appearance to those previously reported for DOX-sulfate aggregates [9] . No such structures were observed for DOX in water or in solutions of glutamate or the monoanionic bu¡er lactobionic acid (LBA). Why glutamate, which has two carboxylic acid groups, did not initiate aggregate formation is unclear but it does also contain a cationic amine group which might obviate assemblage of the DOX structures electrostatically. Because we were interested in what happens to DOX inside citrate containing liposomes we focused our attention upon citrate-doxorubicin interactions for the remainder of the studies discussed here.
The DOX-citrate structures we observed in solution were assembled into linear ¢brous-like structures. Upon close inspection the larger strands were found to be bundles of smaller ¢bers, similar in appearance to micellar ¢bers resulting from porphyrin stacking/aggregation [32] . These ¢brous structures disappeared upon heating and reappeared with cooling. Calorimetric scans of 4 mg/ml DOX in 300 mM citrate revealed a broad endotherm which was near 43³C at pH 4 but which was shifted upward to 57³C at pH 5; vH was 1.8 and 2.8 kcal/mole, respectively (data not shown). The melting of DOX-citrate precipitate may be similar to the`melt' of hydrated micellar crystals (Kra¡t point) that has been described for local anesthetics [33, 34] . An exothermic peak was also observed in the scans of both samples at approx. 75 and 65³C, respectively, which was absent upon subsequent heating cycles. A visual check of heated samples con¢rmed that disaggregation was associated with the endothermic transition and not the exothermic event. From TLC analysis, it appeared that the exothermic transition represented loss of DOX's amino sugar moiety (not shown). In the work we report here, samples in solution or in vesicles were never heated to beyond 60³C. Fig. 2 are cryo-EM images of citrate bearing liposomes loaded with DOX. In all cases DOX formed ¢brous aggregates inside the liposomes and the liposome membranes (both inner and outer monolayers) were well resolved with no observable membrane invagination. The arrow in Fig. 2A points to an end-on view of a`U'-shaped bundle of DOX ¢bers that are packed hexagonally. A similar Ushaped bundle is seen in pro¢le in Fig. 2B . Fibrous DOX bundles were apparent in nearly all liposomes and were either linear, curved (some having a`U'- shape), or circular where the ¢bers apparently closed back upon themselves. For many of the longer linear DOX structures, liposomes were obviously elongated to accommodate ¢ber growth. Many of the bundles appeared to twist, as for example, the large circular structure in Fig. 2A . From the hexagonal pattern in Fig. 2A , the number of ¢bers in that particular bundle appeared to be approx. 50. This value would appear to vary since end-on views of other U-shaped structures (not shown) revealed a range of 12^60 ¢bers/bundle, all in a hexagonal arrangement. From this end-on perspective the average spacing between ¢bers was estimated to be 3^3.5 nm. In some cases, striations could be observed along the length of the bundles that alternated with non-striated regions. For example, the arrows in Fig. 2C indicate repeating striated regions in the DOX ¢brous bundles. The distance between the centers of these striated regions appeared to be approx. 50 nm. Interestingly, measuring across the striations (perpendicular to bundle's long axis) we estimated that the striated`lines' themselves were approx. 3^3.5 nm apart suggesting that these features are the side view of aligned rows of ¢bers. Such a periodic alignment would occur if the hexagonally packed bundles twisted about their center. In which case, as viewed from the side the rows would align with every 60³ rotation and give the appearance of striations. For some circular structures, the striations appeared to persist. Perhaps the pitch of the rotation and the curvature were synchronized or perhaps there was some interaction with the inner monolayer that allowed alignment with that surface.
Cryo-EM of DOX inside citrate liposomes
Shown in
Small angle X-ray di¡raction of DOX aggregates
X-Ray di¡raction was used to better understand the packing details of the aggregates. Although we could not su¤ciently concentrate liposomes for peak analysis by small angle X-ray di¡raction (SAXS) we were able to examine the DOX-citrate aggregates pelleted via centrifugation. Fig. 3 shows the di¡rac-tion from samples produced at pH 4 and pH 5. The pH 4 material at room temperature showed similar di¡raction both before heating (Fig. 3A) and after a heating protocol (see Section 2.5) meant to mimic the temperature protocol used to load liposomes, e.g., heat brie£y to 55^60³C and then cool back down to 20³C (data not shown). The arrows in Fig. 3A showed the expected peak positions of an oblique lattice of a = 33.6 A î , b = 29.2 A î , and Q = 40³, as obtained by a least squares ¢t of Eq. 5 to the data. Because of the paucity of di¡raction peaks, and the absence of certain peaks (which may simply be too weak to be seen), the lattice assignment should be taken as possible, but not unequivocal. The pH 5 material, before heating, yielded di¡raction very similar to the pH 4 material (data not shown). However, upon heating to 55^60³C and then cooling back to 20³C, the di¡raction pattern changes to that seen in Fig. 3B . An unconstrained ¢t to Eq. 5 yields a = 33.7 A î , b = 35.7 A î , and Q = 61.48³. This is within the measurement errors of the simple hexagonal lattice (34.5 A î basis length), indicated by the arrows in the ¢gure.
A weak peak corresponding to a real space repeat of 10.1 A î is also seen in the data, as shown in Fig.  3A (see the peak in between the ones indexed with (2,0) and (3, 3) in the ¢gure). This does not ¢t the planar lattice assignment and might be due to correlations along the direction of the ¢bers, that is to say perpendicular to the lattice plane.
From these data it would appear that doxorubicincitrate ¢ber bundles can adopt two distinct packing arrangements. A simple hexagonal packing arose when both a pH 5 environment and a heating/cooling (recrystallization) step were employed for the unencapsulated solution ¢bers. These conditions may be met for liposomal DOX since the interior pH of the loaded vesicles increases to near pH 5 (see examples in Table 3 ) and, as per our protocol, liposomes are always heated during loading (see Section 2.3).
We tried to determine whether the oblique structure is present in the liposomes as well. As mentioned before, it was di¤cult to directly index peak posi- Fig. 2 . Cryo-EM images (three ¢elds) of DOX loaded into liposomes bu¡ered by citrate. The ¢nal DOX solution concentration was 3.4 mM which is estimated to be 200^300 mM DOX internally. This internal concentration was estimated based upon DOX loading and the liposome captured volume (see Table 2 ). The total lipid concentration was 12.8 mM and the sample was undiluted for microscopy. The arrow in A indicates the end of a ¢brous bundle in which the ¢bers are hexagonally arranged with an approx. 3^3.5 nm separation. In B, a circular, U-shaped, and straight DOX-citrate complex are noted. The arrows in C indicate striated regions in the DOX ¢brous bundles with a repeating distance of approx. 50 nm. Bar represents 100 nm.
tions for the DOX-citrate loaded liposomes^Fig. 3C (upper pattern) shows an example of the di¡raction pattern of pelleted DOX loaded liposomes. Any signal arising from a DOX-citrate lattice in the liposomes would be superimposed on a signal arising from the liposome shells. Hence we adopted the following procedure: an image was taken of the DOX loaded liposomes as well as one of the empty liposomes (not shown). Assuming that the total scattering arises from the product of the liposome form factor and the structures factor arising from the DOX-citrate complex, we divided the di¡raction from the DOX loaded liposomes by that of the empty liposomes (Fig. 3C, top pattern) . Even with poor statistics, one can see that the resultant peaks coincide with those of the DOX-citrate complex formed in solution at pH 4 (lower pattern of Fig.  3C ). This suggests that the oblique lattice may also be present in the liposomes. Note that the resolution of the cryo-EM images does not allow us to discriminate between a simple hexagonal lattice and a slightly skewed hexagonal lattice.
Circular dichroism of doxorubicin in liposomes
As expected, unentrapped DOX that was mixed with empty liposomes exhibited a CD pattern consistent with disaggregated dimeric DOX [35, 36] (see Fig. 4 ). This spectrum was identical to that for Fig. 3 . Small angle X-ray di¡raction patterns of DOX-citrate complexes in solution at (A) pH 4 and (B) pH 5 or in pelleted liposomes (C). For the pH 4 sample (A), the pattern is from an unheated sample: heating and cooling the sample did not appreciably change the di¡raction pattern. The arrows show the expected peak positions for the oblique lattice described in the text. Di¡raction from the samples at pH 5 before heating looked very similar to samples at pH 4, e.g., as shown in A. The pattern for pH 5 samples changed to that shown in B upon heating and cooling. The arrows show the expected peak positions for the hexagonal lattice described in the text. The upper pattern of C is that derived for the DOX-citrate complex inside loaded liposomes (see text for details). Shown for reference, the lower pattern of C is that for DOX-citrate complex pelleted from solution at pH 4. Fig. 4 . CD spectra of DOX loaded into citrate containing liposomes via a pH gradient where the ¢nal DOX concentration was either 3.4 mM (solid line, left y-axis) or 0.34 mM (dashed line, right y-axis). Internal DOX concentrations were estimated to be 200^300 mM and 20^30 mM, respectively. Also shown is 3.4 mM DOX mixed with empty liposomes with no pH gradient (dotted-dashed line). Liposomes (approx. 100 nm LUVs) contained 300 mM citrate and lipid concentration was 12.8 mM.
DOX in water without liposomes (data not shown).
Loading of DOX into citrate containing liposomes dramatically changed its CD spectrum (Fig. 4) . The CD spectrum of loaded DOX indicated that a signi¢cant change in DOX interactions had occurred, consistent with the observed structure formation.
When DOX was loaded to a ten times lower concentration into liposomes the CD signal was nearly the same (see Fig. 4 ). As shown in Fig. 5 , cryo-EM images of these loaded liposomes revealed similar internalized structures to those found in liposomes loaded to the ten times higher internal DOX concentration. The dimensions of the internal DOX structures were smaller in both length and breadth as compared to those of Fig. 2 with fewer ¢bers per bundle. Because of these images and because there seemed to be little contribution to the CD pattern from disaggregated DOX we believe the complexed form is the predominant DOX species inside citrate containing liposomes. In fact, for liposomes loaded to the higher internal concentration of DOX we estimate from analysis of CD spectra that the DOX¢ber species accounts for greater than 99% of the total DOX.
In£uence of citrate upon doxorubicin dimerization
To understand more about how citrate interacts with DOX we examined whether the citrate anion in£uences the association of DOX monomers into dimers. This association occurs at very low DOX concentrations in water (from 5 to 20 WM) and one might expect citrate to in£uence this conversion if the dimer is arranged such that the two positive charges from the sugar moieties can be bridged by the citrate multianion. We compared the CD spectra of DOX in either water or a solution of 300 mM citrate over the range of concentrations at which monomer to dimer conversion is expected (data not shown). At 5 WM DOX, CD spectra were similar to each other and to that previously reported for monomeric DOX and daunorubicin [35, 36] . While there were changes from 5 WM to 1 mM that were consistent with monomer to dimer conversion [35^37], the spectra for DOX in water and citrate were similar to one another up to 1 mM DOX. However, at 2 mM DOX the CD patterns began to di¡er signi¢cantly, consistent with our assessment of aggregation by turbidity (Table 1). From these data it does not appear that citrate in£uences DOX dimerization. This might suggest that dimerized DOX molecules are oriented such that the cationic amines cannot be bridged by the citrate multianion. This ¢nding, along with our other data, also suggests that citrate induces aggregation by coupling DOX dimers/oligomers (dimers into oligomers and/or oligomers into side-by-side packed ¢ber bundles).
13 C-NMR measurements of citrate
To better understand the interactions between DOX and the citrate counterion inside liposomes, we used 13 C-NMR to examine internalized citrate. The terminal carboxylic acid carbons of citrate, carbons 1 and 5, are chemically identical and, at any particular pH, give rise to a single resonance in the 13 C-NMR spectrum. In our NMR studies of citrate bu¡ered liposomes, the 13 C-NMR signal arising from the terminal carboxylic acid carbons was enhanced by the presence of [1,5- 13 C]citrate. To simplify our description of the NMR results, we will refer to the resonance arising from these terminal carboxylic acid carbons as the citrate resonance. In citrate bu¡ered liposomes, the citrate resonance from inside the liposome was shifted and broadened by the loading of DOX (Fig. 6) . The chemical shifts observed are consistent with an increase in the internal pH of the DOX loaded liposomes (see Table 3 ). We believe that the broadening of the citrate resonance is due to a distribution of internal pH values within the liposomes, produced by DOX loading. The modest decrease in T 2 of the citrate resonance which occurs with DOX loading (Table 2) cannot account for the magnitude of the line broadening observed. In LBA bu¡ered liposomes, loading with DOX induced similar changes in the chemical shift and line width of the resonance arising from the carboxylic acid carbon of internal LBA, (data not shown).
Because cryo-EM images show that DOX formed ¢brous structures inside citrate bu¡ered liposomes, one might expect that some fraction of the citrate would also be immobilized. If so, this citrate might not be observed in the solution state spectrum due to lifetime broadening or dipolar broadening of its resonance. Assuming a charge ratio of 3:1, citrate to DOX, and complete loading of the DOX into the liposomes, one would expect that approx. 18% of the citrate would be associated with DOX through electrostatic interactions alone. However, the signal intensity from citrate is, to within the uncertainty in our measurement, unchanged by the loading of DOX (approx. 200 mM inside) ( Table 2 ). What we do observe is a modest decrease in the T 1 and T 2 of the citrate signal ( Table 2 ), suggesting that citratè bound' to DOX ¢bers may be in rapid exchange with`free' citrate.
LBA liposomes
The DOX structures inside liposomes that formed with citrate were similar in appearance to those formed with the divalent sulfate anion [13] . To determine whether these internalized DOX structures required a multivalent counterion in order to form, we next examined liposomes loaded with DOX using the monoanionic bu¡er LBA to control pH; the initial internal pH was approx. 4 and the outside pH was raised to approx. 7.4. Cryo-EM of LBA liposomes containing DOX at internal concentrations of 20^30 mM DOX did not reveal any noticeable structures (Fig. 7A) ; an occasional ¢ber was the exception. Again no membrane invagination was noted. The CD pattern for DOX loaded into LBA liposomes at this low concentration was consistent with disaggregated dimeric DOX (Fig. 8) . At internal DOX concentrations of approx. 200^300 mM, far in excess of DOX's solubility limit, what appeared to be numerous uncondensed ¢bers were observed in the liposomes (Fig. 7B) . The CD pattern for these uncondensed DOX ¢bers was similar to that for DOX ¢ber bundles in citrate bearing liposomes except that the shoulder at 520 nm was decreased relative to the other peaks (Fig. 8) ; this shoulder could be sensitive to`side-by-side ¢ber' interactions. Apparently, DOX ¢ber formation occurs in LBA liposomes only at DOX concentrations in excess of its aqueous solubility limit, which you will recall is approx. 60 mM in water [12] . LBA is incapable of bridging charges so the ¢bers that formed above the solubility limit of DOX remained uncondensed. This implies that the DOX ¢ber bundles observed inside citrate containing liposomes are the result of the citrate multianion electrostatic bridging between separate ¢bers. Although citrate may have simply eliminated charge repulsion, thus allowing an otherwise favorable association to occur, this seems less likely to be the reason for condensation since LBA could have also served this purpose but did not.
E¡ect of DOX physical state upon liposomal release
Having established that the DOX aggregation state inside the liposome can be manipulated, we next ventured to make comparable liposomes containing either citrate or LBA to establish the e¡ect of DOX's physical state upon the release rate. The physical properties of these liposomes are listed in Table 3 . Liposomes contained either 650 mM LBA LBA liposomes loaded such that the ¢nal solution concentration of DOX was 3.4 mM, which we estimate to be 200^300 mM DOX internally. The lipid concentration was 12.8 mM and samples were examined undiluted for microscopy. Bar represents 100 nm. or 300 mM citrate, both at pH approx. 4 initially, and were loaded to low (16^29 mM) or high (1602 90 mM) internal concentrations of DOX. (For LBA, 650 mM was required to achieve complete DOX loading; 500 mM LBA was insu¤cient (not shown).) The liposomes were diluted into hepes bu¡-ered saline and leak monitored as described in Section 2.3.
In all cases where the internalized DOX formed ¢bers, the leak pro¢les were indistinguishable with less than approx. 4% leak after 60 min (data not shown). For those LBA liposomes in which DOX was loaded to a low internal concentration (no ¢-bers), the leak pro¢les were biphasic and variable with, in some cases, a signi¢cant loss of material in the ¢rst few minutes (see leak values at 10 minT able 3). When samples were diluted into a hyperosmotic (approx. 1060 mOsM) solution of bu¡er containing 20% (w/v) sucrose the liposomes displayed similar leak pro¢les ( 6 4% leak at 60 min) for all four systems of Table 3 (¢bers and no ¢bers) (data not shown). This indicated that osmotic stress was involved for the LBA containing liposomes with a low internal DOX concentration (no ¢bers). This was not too surprising since the expected osmotic di¡erential for the LBA containing liposomes diluted into hepes bu¡ered saline is approx. 565 mOsM which is close to the rupture threshold di¡erential of 600 mOsM reported by Mui et al. [38] for spherical EPC/cholesterol liposomes of similar size and composition. Considering this, the variability in leak for DOX from LBA containing liposomes (no ¢bers) was not too surprising either since those liposomes may have been teetering on the threshold amount of stress required to cause rupture.
The reason why DOX leak from the LBA liposomes loaded to a high DOX internal concentration (¢bers) did not also display a rapid component is unclear, but in those liposomes DOX did form ¢bers that may have been restricted sterically from escaping the vesicle. Alternatively, it may be that only the LBA liposomes containing the lower amount of disaggregated-DOX were osmotically stressed. That is, the cationic DOX ¢bers that formed at higher DOX internal concentrations may have bound a signi¢cant portion of the LBA molecules, and thus reduced the osmotic di¡erence. Liposomes were made in either 300 mM citrate or 650 mM LBA at pH 4. Vesicle sizes, captured volumes, and pH measurements were performed as outlined in Section 2. The listed DOX concentrations were the overall solution values prior to dilution; internal concentrations were estimated based on captured volume, lipid concentration, and loading e¤ciency (for all cases s 95%) (see text). vpH and internal pH values were determined for vesicles following DOX loading. Leakage experiments were performed immediately after DOX loading ( 6 1 h) and the data represent the percent leakage at the 10 min point along the leak curves (not shown) for samples diluted into HEPES bu¡ered saline.
Discussion
In solution, citrate, like sulfate, caused DOX aggregation to occur at concentrations 100 times lower than its aqueous solubility limit. Inside citrate containing liposomes, DOX loaded via a pH gradient was found to exist in ¢ber bundles by cryo-EM with no observable membrane invagination. While the straight ¢ber bundles were somewhat similar in appearance to the DOX-sulfate aggregates observed by Lasic and co-workers [12, 39] , we also noted curved and circular ¢ber bundles. These appeared to result from the bending of the linear structures that had grown in length beyond what the liposome was capable of accommodating. End-on views of these DOX-citrate ¢ber bundles indicated that the ¢bers were packed longitudinally in a hexagonal arrangement with a separation of approx. 3^3.5 nm between ¢bers. Two distinct di¡raction patterns were also observed by SAXS for DOX-citrate ¢ber bundles in solution, an oblique and a simple hexagonal lattice. Which of the two, or if both, are present inside liposomes remains unclear since cryo-EM does not have the resolution to distinguish between a simple hexagonal and a slightly skewed hexagonal packing. Even so the basis lengths noted by SAXS likely correspond to the inter¢ber distance estimated by cryo-EM, both approx. 30^35 A î . The repeating striations observed for ¢ber bundles suggests that the entire bundle twists 60³ approximately every 50 nm. This is consistent with a twisting hexagonal lattice since, as viewed from the side, the rotation of a hexagonal array a¡ords spatial alignment every 60³ (see Fig. 9 ). The fact that the peaks of Fig. 3B do not correspond exactly to a hexagonal pattern may be consistent with our assumption that we have a slightly tilted hexagonal structure that is twisting.
Because for DOX-sulfate aggregates only straight bundles (rods) were noted by cryo-EM [12, 13] , the appearance of curved and circular bundles here would seem to indicate that our DOX-citrate ¢ber bundles are more £exible. Since only individual ¢bers formed in LBA liposomes (Fig. 2B) we believe that bundles formed in citrate containing liposomes due to inter¢ber crosslinking by the citrate multianion. This would then suggest that the di¡erence between Fig. 9 . Schematic representation of twisting hexagonally arranged ¢bers. In this proposed model each ¢ber is comprised of stacked DOX molecules. The lower illustration depicts how the stacked DOX molecules (circles) would appear as viewed end-on. As viewed from the side (upper illustration), the ¢bers are aligned along the line of sight at rotation multiples of 60³ thus giving the appearance of repeating striations. For an oblique lattice, the inter¢ber distance across each striated zone would vary. This variation might not be resolvable in the cryo-EM images if the obliquity is only slightly di¡erent from hexagonal, as seems to be the case here, based on SAXS results. DOX-sulfate and DOX-citrate ¢ber bundles stems directly from di¡erences in the counterions themselves. Although the inter¢ber spacing for DOX-citrate aggregates was 30^35 A î the separation noted for DOX-sulfate ¢bers was reported to be approx. 27 A î [12] . This tighter packing is consistent with the fact that sulfate is a smaller ion. Additionally, ¢ber £ex-ibility may also involve di¡erences in the multianion's binding a¤nity. Although we have no sense of sulfate binding we did ¢nd here from NMR experiments with 13 C-citrate that the citrate-DOX interaction was quite dynamic with rapid exchange of free' and`bound' citrate.
We have not detailed how DOX forms ¢bers but given its planar structure it seems likely that DOX molecules stack. Because citrate did not a¡ect monomer to dimer conversion one might argue that the amino sugar moieties are separated far enough that citrate could not bridge/couple monomers. Interestingly, upon stacking/ aggregating porphyrins exhibit a signi¢cantly increased scattering intensity at the absorption wavelengths; this phenomenon has been termed resonance light scattering (RLS) [26, 27, 40] . In our hands, the DOX ¢brous structures did not exhibit RLS (data not shown). This result, though not conclusive, may indicate that RLS is a speci¢c phenomenon of the large porphyrin ring systems.
For DOX loaded into liposomes containing the monoanionic bu¡er LBA, its physical state was dependent upon the internal DOX concentration.
When loaded to only approx. 20 mM DOX, there were no discernible structures inside LBA liposomes and the CD pattern was consistent with disaggregated DOX. It is quite interesting that this CD pattern was identical to that for dimeric and not monomeric DOX because Gallois et al. [36] using CD have reported that DOX partitioned onto large unilamellar vesicles (LUVs) was monomeric and not dimeric. While this might suggest that no binding of DOX to the membrane occurred we cannot rule out that for our liposomes DOX binds to the membrane surface as the dimeric species. In any case, no membrane invagination was noted.
When loaded into LBA liposomes at high internal concentrations DOX formed ¢bers. Again no membrane invagination was noted by cryo-EM. Unlike the DOX in citrate containing liposomes, these ¢bers were disorganized and not condensed into bundles (Fig. 8B) . Apparently DOX stacking to form ¢bers occurs above its solubility limit regardless if whether there is a multivalent counterion present or not. These results with LBA would also seem to con¢rm that the ¢ber bundles in citrate containing liposomes arise because the citrate multianion facilitates inter¢ber crosslinking.
Interestingly, this crosslinking of ¢bers by citrate did not dramatically slow the rate of DOX release as it was similar to that for DOX out of LBA liposomes where the DOX was disaggregated. From 13 C-NMR experiments it was apparent that`bound' DOX was in rapid exchange with`free' DOX. Such a dynamic relationship would be consistent with the unhindered leak of DOX from the citrate containing liposomes. However, because liposome integrity/stability is a major concern in vivo, ¢ber formation (and ¢ber bundles in particular) may enhance the stability of DOX loaded liposomes by providing a possible steric hindrance to vesicle rupture. It has been shown that lipoprotein adsorption onto PC/cholesterol LUVs signi¢cantly decreased their ability to withstand osmotic stress [41] . Consequently, liposomes with uncomplexed DOX may leak more signi¢cantly in vivo (work now underway).
Cullis and co-workers proposed that DOX is predominantly bound to the inner monolayer [14] and that this binding leads to an invagination of the membrane [15] . From the work presented here it is obvious that citrate produced organized aggregated DOX-citrate structures inside liposomes. Also obvious from our cryo-EM images is that membrane morphology is una¡ected by DOX loading. The conclusion by Cullis and co-workers that membrane invagination occurred was based upon less well resolved cryo-EM images (DOX liposomes looked like`co¡ee beans') where the DOX-citrate ¢ber aggregates appeared as blurred lines inside the liposomes which could be mistaken for a membrane edge [15] . To discard any possibility that DOX from di¡erent vendors might yield a di¡erent interaction, we examined three di¡erent DOX vendor materials (one which included methyl paraben and two that did not) and found identical structures inside liposomes (data not shown). Cullis and co-workers found that DOX's 13 C-NMR signal was signi¢cantly broadened when internalized in citrate bearing liposomes [14] . While they interpreted this as due to inner monolayer binding, our data clearly indicate that the explanation for this molecular immobilization is caused by DOX complexation with citrate. As we have demonstrated here, packing of adjacent DOX ¢bers into bundles was facilitated by citrate which lowered the solubility limit of DOX signi¢-cantly. Although we cannot rule out that some DOX may be partitioned into the inner monolayer, we believe that this DOX accounts for only a small percentage of the total internalized DOX.
